INTRODUCTION
. Those codes are capable of solving viscous cascade flows using H-type or C-type grids and of predicting heat transfer effects.
In the present work, the procedure was extended to the case of rotating blade passages. Particular attention has been dedicated to important aspects such as minimization of the grid skewness, accuracy, and computational cost.
As for accuracy, non-periodic C-or H-type grids are stacked in three dimensions.
The removal of periodicity allows the grid to be only slightly distorted even for cascades having a large camber or a high stagger angle and twist. This allows us to pick up details of the throat flow with a reasonable number of grid points. A very low level of artificial dissipation is guaranteed by eigenvalues scaling, which is a threedimensional extension of the one proposed by Swanson and Turkel (1987) , and Martinelli and Jameson (1988) .
The two-layer eddy-viscosity model of Baldwin and Lomax (1978) is used for the turbulence closure.
As for efficiency, the Reynolds-averaged Navier-Stokes equations are solved using a Runge-Kutta scheme in conjunction with accelerating techniques. Variablecoefficient implicit residual smoothing, as well as the Full-Approximation-Storage multigrid scheme of Bran& (1979) and Jameson (1983) are used in the TRAF3D Let p, u, v, w, p, T, E, and H 
GOVERNING EQUATIONS
The contravariant velocity components of eqs. 
where the Jacobian of the transformation J is,
The viscous flux terms are assembled in the form,
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and the Cartesian derivatives of (7) are expressed in terms of ¢-, r/-, and (-derivatives using the chain rule, i.e., 
The transitional criteria of Baldwin and Lomax is adopted on the airfoil surface while on the end walls, the shear layer is assumed to be fully-turbulent from the inlet boundary.
SPATIAL DISCRETIZATION
Traditionally, using a finite-volume approach, the governing equations are discretized in space starting from an integral formulation and without any intermediate mapping (e.g. Jameson at al., 1981 , Ni, 1981 , Holmes and Tong, 1985 . The transformation metrics of (4) The clearanceregion is handledby imposingperiodicity conditionsacrossthe airfoil without any modellization of the blade cross-section.
ARTIFICIAL DISSIPATION
In viscous calculations, dissipating properties are present due to diffusive terms.
Away from the shear layer regions, the physical diffusion is generally not sufficient to prevent the odd-even point decoupling of centered schemes. Thus, to maintain stability and to prevent oscillations near shocks or stagnation points, artificial dissipation terms are also included in the viscous calculations. Equation (1) is written in semi-discrete form as, (14) is defined as,
where, for example, in the _ curvilinear coordinates we have, 
The definitionof the coefficient • has been extended to the three-dimensional case as follows, _=1 +(/7"'71"+(/t"¢_ _ txo txU
where 2¢, ,1.,#,and ,!._,are the scaled spectral radii of the flux Jacobian matrices for the convective terms,
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and a is the speed of sound. Note that the effect of the grid rotation is accounted for in (20) 1986, and Swanson and Turkel, 1988,) .
It is important to anticipate now that from the definition of residual of (25), variable scaling, and time steps of (26,27,28), it results that the artificial dissipation is scaled with a factor proportional to the ratio between the global time step and the inviscid time step. Close to solid walls, the grid volume is very small and viscous time step limitation is dominant.
The ratio of the time step over the inviscid one becomes very small and most of the artificial dissipation is removed.
TIME-STEPPING SCHEME
The system of the differential equation (14) is advanced in time using an explicit four stage Runge-Kutta scheme until the steady-state solution is reached. A hybrid scheme is implemented, where, for economy, the viscous terms are evaluated only at the first stage and then frozen for the remaining stages. If n is the index associated with time we will write it in the form,
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where the residual R (Q) is defined by,
Good, high-frequencydampingproperties,importantfor the multigrid process,have beenobtainedby performingtwo evaluations of the artificial dissipatingterms,at the first and secondstages. It is worthwhile to notice that, in the Runge-Kuttatimesteppingschemes, the steadystatesolutionis independent of the time step;therefore, this steppingis particularlyamenable to convergence acceleration techniques.
ACCELERATION TECHNIQUES
In order to reduce the computational cost, four techniques are employed to speed up convergence to the steady state-solution. These techniques: 1) local timestepping; 2) residual smoothing; 3) multigrid; 4) grid refinement; are separately described in the following.
Local Time-Steppina
For steady state calculations with a time-marching approach, a faster expulsion of disturbances can be achieved by locally using the maximum available time step. In the present work the local time step limit At is computed accounting for both the convective (Ate) and diffusive (At,t) contributions as follows,
where c o is a constant usually taken to be the Courant-Friedrichs-Lewy (CFL) number. Specifically, for the inviscid and viscous time step we used,
where y is the specific heat ratio and,
K t being a constant whose value has been set equal to 2.5 based on numerical experiments.
Residual Smoothina
An implicit smoothing of residuals is used to extend the stability limit and the robustness of the basic scheme. 
where the subscripts refer to the grid spacing, and the sum is over the eight cells which compose the 2/I grid cell. Note that this definition coincides with the one used by Jameson when the reciprocal of the Jacobians are replaced with the cell volumes.
To respect the fine grid approximation, forcing functions P are defined on the coarser grids and added to the governing equations. So, after the initialization of Q2h using eq.(32), forcing functions P2h are defined as,
and added to the residuals Bah to obtain the value /_h which is then used for the stepping scheme. In the present paper we have introduced three levels of refinement with respectively two, three, and four grids.
COMPUTATIONAL GRID
The three-dimensional grids are obtained by stacking two dimensional grids generated on blade-to-blade surfaces at constant radii (¢, r/ plane). In order to minimize the grid skewness, in the blade-to-blade projection, the grids structure can be chosen on the basis of the blade geometry and flow conditions. For highly twisted blades, a low grid skewness in the various spanwise sections can also be maintained by adjusting the grid-point distributions on the suction and pressure sides of the blade.
In the spanwise direction (0 a standard H-type structure is used. Near the hub and tip endwalls, geometric stretching is used for a specified number of grid points, after which the spanwise spacing remains constant.
APPLICATION AND DISCUSSIONS
As validation of the procedure that has been described above, the TRAF3D code was used to study the NASA rotor 67 transonic fan. This first-stage rotor of a twostage transonic fan was designed and tested with laser anemometer measurements at NASA Lewis (Pierzga and Wood, 1985 (Fottner, 1990) . the tip clearance model which has been used is quite simple and clearance flow becomes important when the stall condition is approached (Adamczyk et al., 1991, and Jennions and Turner, 1992) .
The quality of the computedsolutionsis evaluatedby comparingthe spanwise distributionof circumferential energy-averaged thermodynamic quantitiesdownstream of the rotor to experiments. The predicteddistributionof staticpressure,flow angle, total pressure, andtotal temperatureat the rotor exit is comparedto experimentsin figs. 5 and6 for conditionsnearpeakefficiencyandstallrespectively.The agreement is good on the whole. Theradialdistributionof the staticpressure is well reproduced (seefigs. 5 (a) and6 (a)), which indicatesa good estimationof the globallosses.The exit angleis up to five degreesoff in the centralpart of the bladespan(figs. 5 (b) and 6 (b)), but this agrees with the calculations of Chima (1991)andJennionsandTurner (1992) .Fromthe plotsof total pressureandtotal temperature of figs. 5 and6 (c) and (d) we can see that the overall prediction of the rotor characteristic is well reproduced.
As well known,the flow patterninsidea rotor like the NASA 67 transonicfan is very complicated and characterizedby effects such as shock-boundarylayer interaction, clearanceflow, andthree-dimensional separationwith vortices roll up. One attemptat interpretingthe structureof the computedflow field canbe analyzing the relativeflow on blade-to-bladeandmeridionalsurfaces. Picturesof the limiting streamlines insidetheboundarylayercanbeobtainedby meansof particletraces. Near peak efficiency, the shock system has a lambda structure with a bow shock.
Blade-to-blade flow
The passage shock crosses the blade channel and involves about 30% of the upper part of the airfoil (see figs. 7, and also 10, and 11). Approaching the stall condition ( fig. 8 ) the passage shock moves upstream and stands in front of the blade so that the airfoil pressure side is no longer intercepted (see also figs. 12 and 13).
Blade surface flow pattern Pressure distribution and a restriction of the particle traces close to the airfoil surface are used to interpret the flow pattern inside the blade boundary layer. A schematic of this structure for the peak efficiency condition is depicted in fig. 9 . As discussed by Weber and Delaney (1991) and Hah and Reid (1991) , most of the separation and outward flow is observed on the suction side of the blade. The passage shock is quite strong in the upper part of the rotor and the losses in axial momentum result in a rapid turn toward the shroud. The separation due to shockboundary layer interaction is evident in figs. 10 and 11. Separation lines are characterized by flows going toward the line, while where the flow reattaches, the particle traces look like they are going away from the line (see. fig. 9 ). Such a situation is very clear in figs. 10 (c) and 13 (d). The passage shock also induces separation on the blade pressure side but only in the very upper part of the airfoil.
The blow up of fig. 10 (c) shows the abrupt radial migration with separation and reattachment.
In the central part of the blade span, the passage shock loses intensity and the flow lift off is mostly related to the adverse pressure gradient in the axial direction.
Eventually, near the trailing edge, the flow separates on the suction side (see fig.   1l (b)). Close to the blade root, the flow is strongly influenced by a vortex roll up on the leading edge. As also pointed out by Chima (1991), particles undergo a high relative incidence close to the hub, which causes the low-momentum fluid to separate and migrate radially outward ( see figs. 10 (b) and 11 (b)).
In accordance with the calculations of Weber and Delaney (1991), Chima (1991),
and Jennions and Turner (1991), a separation bubble is observed on the blade suction side near the hub (figs. 9, 11 (b), and 13 (d)).
The flow structure of the near-stall operating condition is qualitatively similar to the peak efficiency one previously discussed. Now the passage shock has moved upstream and the pressure side is shock free ( fig. 12 (a) ) with basically no radial flow mixing ( fig. 12 (b) ). On the contrary, on the suction side, the shock involves most of the blade span ( fig. 13 (a) ) and induces a strong outward flow with very clear separation and reattachment lines ( fig. 13 (d) ). The vortex roll up on the pressure side of fig. 10 (d) has now moved upstream and stands in front of the blade leading edge ( fig. 13 (c) ). The separation bubble on the suction side near the hub looks slightly smaller. On the shroud, the bow shock interacts with the casing boundary layer and the flow separates as depicted in fig. 13 (b).
Clearance flow pattern
A picture of the clearance flow pattern is obtained by plotting the relative Mach number contours and a restriction of the particle traces on a blade-to-blade surface midway between the blade tip and the casing. Once again the flow structure looks very similar to the one computed by Jennions and Turner (1991) .
The TRAF3D code predicts two tip vortices which intersect before mid channel.
At peak efficiency ( fig. 14 (a) and (b) ), the shock system still shows a lambda structure and interacts with the tip vortices. A first vortex is observed close to the leading edge and a second leakage vortex forms at an axial location just after the pressure side shock. The two vortices sum up before crossing the passage shock as shown in fig. 14. When approaching the stall condition there is interaction between the leading edge shock separation and the leading edge vortex (Adamczyk at. al (1991) , and Jennions and Turner (1991) • computed (i) 0 Oexperiment 
